Nanomaterials as anode for lithium-ion batteries (LIB) have gained widespread interest in the research community. However, scaling up and processibility are bottlenecks to further commercialization of these materials. Here, we report that bulk antimony sulfide with a size of 10-20 mm exhibits a high capacity and stable cycling of 800 mAh g 21 . Mechanical and chemical stabilities of the electrodes are ensured by an optimal electrode-electrolyte system design, with a polyimide-based binder together with fluoroethylene carbonate in the electrolyte. The polyimide binder accommodates the volume expansion during alloying process and fluoroethylene carbonate suppresses the increase in charge transfer resistance of the electrodes. We observed that particle size is not a major factor affecting the charge-discharge capacities, rate capability and stability of the material. Despite the large particle size, bulk antimony sulfide shows excellent rate performance with a capacity of 580 mAh g 21 at a rate of 2000 mA g 21 .
L ithium-ion batteries (LIB) have been in the market for more than 20 years. They are now ubiquitous and can be found in numerous applications ranging from cell phones, laptop, power tools and electric vehicles. Even though many engineering advances have been made to a cell to enhance its energy density and stability, the basic materials in commercial cell remain almost the same as 20 years ago. In particular, graphite is still the primary material used as anode in LIB. Theoretical capacity of graphite is 370 mAhg 21 , and practical capacity close to that value is routinely obtained in commercial cells. To increase the energy density further, new materials have to be developed. Elements such as Sn and Si [1] [2] [3] , metal oxide materials such as SnO 2 , SiO, Fe 2 O 3 4 , and metal sulfides such as Cu x S, Ni x S, SnS 2 , MoS 2 , Sb 2 S 3 , etc. [5] [6] [7] [8] [9] [10] [11] [12] have been investigated as potential candidates for new generation anode materials. These materials undergo conversions reaction and/or alloying with Li, resulting in a capacity of .500 mAhg
214
. However, poor cycling stability has prevented their immediate commercialization. Much work has been conducted to improve cycle stability by nano-sizing the materials. Yet, large-scale synthesis and processibility of nano-materials remain a challenge. The purpose of this study is to identify the major factors affecting the stability of the new anode materials and to find out if it is possible to stabilize their bulk counterparts by different electrode formulations. This will bring greater technological impact to battery applications.
In this article, our focus is on alloy-based metal sulfide (M x S) as anode materials because they can undergo both conversion reaction between Li and M x S and alloying reaction of the remaining metal with Li, resulting in higher charge and discharge capacities. Capacity degradation observed in these materials is typically attributed to large volume expansion/contraction during charge and discharge, and also dissolution of polysulfide from the active material. However, very few studies attempted to isolate the mechanical and chemical influences on the stability of the electrode. In particular, most of the research work on metal sulfides focused only on the synthesis and application of nano-sizes, nanomorphologies and graphene-based composites to suppress the volume expansion [13] [14] [15] [16] . Here we want to identify and overcome the challenges when bulk materials are used. In this study, we have shown that particle size is in fact not the most crucial factor on the stability of the active materials. We achieved excellent cycle performance and rate capability using bulk materials by ensuring the mechanical and chemical stabilities of the electrodes. To understand the mechanical and chemical stabilities of the electrode, the effects of binder and electrolyte additive on the cycle performance of the metal sulfide electrodes were analysed systematically. Antimony sulfide (Sb 2 S 3 ) is chosen as the model system for this work because it is commercially available and can also be synthesized easily. Sb 2 S 3 also has a working potential of around 1 V vs. Li/Li Different factors affecting the electrochemical performance of the Sb 2 S 3 electrode are identified and the issues are resolved by using a proper electrode-electrolyte system. These results can be equally applicable to other metal sulfides materials such as SnS and In 2 S 3 , etc.
Theoretically, Sb 2 S 3 can undergo both conversion reaction and alloy formation, as described by Equation 1 and 2. Theoretical capacity for the conversion reaction is 473 mAh g 21 (3 electrons transfer per mole of Sb) where as that for full reaction is 946 mAh g 21 (6 electrons transfer). Electrodes with polyvinylidene fluoride (PVdF), carboxymethyl cellulose sodium salt (CMC) or polyimide binder were compared to understand the mechanical influence on electrode stability. Systematic analyses were carried out to isolate the contribution from volume change, surface reaction and polysulfide dissolution in each of these cases. At the end of the paper, the effect of particle size on capacity and rate performance was assessed using the optimal cell configuration.
Results
Physical characterization. Before electrochemical evaluation, the crystal structure of the materials was investigated by X-ray diffraction (XRD). Both bulk crystalline Sb 2 S 3 and the Sb 2 S 3 wire show an orthorhombic structure with a Pbnm space group (see Figure 1a ), as reported in literature 9, 14, 17 . All the peaks match well with that of Sb 2 S 3 (ICDD 00-042-1393).
The morphologies of the materials were characterized by scanning electron microscopy (SEM). SEM images of the materials are shown in Figure 1 . Bulk crystalline Sb 2 S 3 from Sigma Adrich had a particle size ranging from 10-20 mm (Figure 1b) . In contrast, the Sb 2 S 3 wire obtained from hydrothermal synthesis showed a width of about 1 mm and a length of about 10 mm (Figure 1c ).
Mechanical and chemical contributions to cycle stability. Initial electrochemical evaluation of bulk Sb 2 S 3 was carried out with 20wt% PVdF as the binder in EC/DEC electrolyte. The constant current charge-discharge profiles are shown in Figure 2a . During first discharge, 2 plateaus were observed. The plateau at around 1.4 V is attributed to the conversion reaction of Sb 2 S 3 to Li 2 S and Sb 9 . The lower plateau at around 0.8 V was due to alloying of Sb with Li 18 . In terms of capacity, 473 mAh g 21 and 938 mAh g 21 can be obtained from the material during first discharge to 1 V and 0 V, respectively. This corresponds to a transfer of about 3 electrons and 6 electrons, which is consistent with the theoretical reactions as stated in Equation 1 and 2. The formation of metallic Sb was supported by ex-situ XRD study of Sb 2 S 3 when discharged to 1.0 V (See Supplementary Figure S1 for details). With further lithiation, the Sb peaks decreased in intensity, suggesting there was reaction between Sb and Li at lower voltage. Though, no crystalline phases could be seen at the end of discharge (to 0 V), either because Li 2 S and Li 3 Sb formed were amorphous, or too small to be detected by XRD. The result suggested that bulk Sb 2 S 3 can undergo full conversion and alloying during first discharge. However, limitation in capacity was observed during charging: only a charge capacity of 436 mAh g 21 can be obtained when charged to 2.5 V vs. Li/Li 1 , corresponding to a cycle efficiency of 46.4%. Less than half of the Li can be extracted from the Sb 2 S 3 electrode with PVdF during the charging step. We will show in a later section that the charge capacity is highly affected by the type of binder.
The cycle performance of the Sb 2 S 3 electrode with 20% PVdF is shown in Figure 2b . When the electrode was cycled between 0 and 2.5 V vs. Li/Li 1 with EC/DEC electrolyte, significant capacity fading was observed, with a loss of more than 50% after 50 cycles at 250 mA g 21 . Three typical reasons were often cited for the capacity fading of metal sulfide materials: volume change, surface degradation and polysulfide dissolution, as shown in a schematic in Figure 3 . Here, we analyzed the contribution from each factor separately by isolating their effect. This can be achieved by carefully varying the test conditions and materials. We noticed in Equation 1 and 2 that volume change from alloying mechanism only occurs below 1 V. So it is possible to avoid this contribution by limiting the test voltage range above 1 V vs. Li/Li 1 (between 1 and 2.5 V in our experiment). The electrode showed a stable capacity even with PVdF binder in EC/ DEC electrolyte when cycled in a higher potential range (see Figure 2b ).
Since only conversion reaction with the formation of Li x S occurs between 1 and 2.5 V, the result has two implications: first, polysulfide dissolution is not a major contribution to cycle degradation, at least not within the first 50 cycles because the capacity was stable despite Li x S formation; second, the difference between the cycle performance of 0-2.5 V (capacity fading) and 1-2.5 V (stable capacity) is due to the utilization of the electrode below 1 V, from the reaction between Sb and Li. Therefore, the alloying reaction between Sb and Li causes much of the capacity fading in the electrode.
There are two main contributions to the capacity fading from the alloying reaction: surface reaction between the electrolyte and the active material (chemical effect) and volume expansion/contract of the particles during charge-discharge (mechanical effect). We investigated the contribution from the surface effect of the same Sb 2 S 3 electrodes with PVdF binder by using different electrolytes. Several research groups had reported that the solid electrolyte interphase (SEI) of alloy materials such as Si and Sb anode can be strengthened by the use of fluorinated ethylene carbonate (FEC) as an additive in the electrolyte [19] [20] [21] [22] [23] . We expect FEC will have similar effect for the alloying process in Sb 2 S 3 . Sb 2 S 3 electrodes with PVdF were tested with 1 M LiPF 6 in FEC/DEC 5 151 between 0 and 2.5 V, and the result is shown in Figure 2b . Capacity retention after 50 cycles was improved from 42.9% with EC/DEC to 66.7% with FEC/DEC. Since the only difference in the battery is the electrolyte, the 23.8% increase in capacity retention with FEC/DEC indicates that surface reaction is also a major factor in the cycle stability of the anode material. Further investigation of the effect of FEC on impedance of the electrode will be discussed in a later section. Even with FEC/DEC as the electrolyte, there remained a 30% drop in capacity after 50 cycles using PVdF as the binder, which suggests that there is still a large contribution from the volume change on the cycle stability of the electrode.
Effect of binder. Since our initial results indicated that volume change has a big effect on electrode stability, it is reasonable to see if it is possible to keep the structural integrity of the electrode by changing the binder. A flexible binder that can withstand large strain would be preferred. Instead of PVdF, which is a common electrode binder, electrodes with bulk Sb 2 S 3 were made with CMC and polyimide binder (DB100) -CMC and polyimide binder have been demonstrated to show improved cycle performance in alloy anodes such as Sn, Si and SiO [24] [25] [26] [27] [28] [29] [30] . All the electrodes were made with 20wt% acetylene black (AB) and 20wt% binder and tested under the same conditions as described before. Because of the large amount of acetylene black and binder, reference electrodes were also made with Cu powder (Alfa Aesar 350 mesh 8-11 mm) in the same ratio of Cu:AB:binder 5 65252 to determine the contribution from the carbon and binder. Since Cu does not alloy with Li, the capacities from these reference electrodes reflect the Li accommodation in the carbon black and the binder. The specific capacities reported in this study for these reference electrodes were calculated with respect to the mass of Cu. Even though strictly speaking Li were not inserted into Cu but the carbon black and binder in the electrode, this allows direct comparison with the capacity of Sb 2 S 3 electrodes because the electrode composition of 65252 was the same.
Cyclic voltammetry of electrodes with PVdF, CMC and DB100 were tested and the first cycle and second cycle voltammograms are shown in Figure 4a and Supplemenary  Table S1 ). Electrodes with DB100, on the other hand, show much higher reaction currents, especially below 1 V in the CV profiles (Figure 4a and 4b) . Some of the contributions in current originates from the polyimide binder, which was evident from the reference electrode with Cu:AB:DB100. Still, a large difference in intensity was observed during the second cycle with DB100 binder, indicating an enhanced electrochemical performance of Sb 2 S 3 with the polyimide binder.
Constant-current charge-discharge tests were then carried out and the profiles are shown in Figure 5 . The contributions from carbon black and binders can be first estimated from the Cu reference electrodes. First discharge capacities of Cu:AB:binder were 183.9, 129.9 . On the other hand, Sb 2 S 3 electrode with DB100 showed a first discharge capacity of 1358.5 mAh g 21 , which was above the theoretical capacity of Sb 2 S 3 . This was in fact reasonable because 488.0 mAh g 21 of the electrode capacity originates from AB and DB100. Figure 5a also shows that the main difference between the discharge curves of Sb 2 S 3 electrode with CMC and DB100 was the increase in capacity below 1 V, which is due to the Li accommodation in the polyimide binder. During charging, a much higher capacity could be obtained from Sb 2 S 3 electrode with DB100 than those with PVdF and CMC. The increase in capacity by changing binder in the Sb 2 S 3 electrode from CMC to DB100 was about 430 mAh g 21 , which was higher than the amount of Li that can be removed from the polyimide binder. Thus, polyimide binder also enhanced the charge-discharge performance of the Sb 2 S 3 material in the electrode. This was evident in the second charge profile in Figure 5b -increased capacity from the Sb 2 S 3 electrode with DB100 was observed at both the 1 V plateau (alloying reaction) as well as around 2 V (conversion reaction). The higher utilization of Sb 2 S 3 with DB100 binder was probably due to better binding of the particles within the electrode.
The three types of electrodes were then subjected to cycling at 250 mA g 21 between 0 and 2.5 V with EC/DEC electrolyte. Lines with solid markers in Figure 6 correspond to the cells tested in EC/ DEC. Electrodes with PVdF or CMC start with similar initial capacity of about 400 mAh g
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, but the capacity retention after 50 cycles was higher with CMC binder, which clearly indicate the importance of binder in the cycle performance. On the other hand, electrode with DB100 gave an initial capacity of 750 mAh g 21 , but capacity faded after cycling. By changing the electrolyte to FEC/DEC, cycle stability of all the electrodes were improved (lines with open markers in Figure 6 ). In particularly, the capacity retention after 50 cycles for the electrode with polyimide binder improved from 66.2% to 92.5% with FEC/DEC. This indicates that the use of FEC can effectively suppress capacity fading due to surface effect from the electrode with DB100. Our results showed that by changing the binder and electrolyte composition, high capacity with good stability can be obtained. Further work is in progress to clarify the origin of the remaining capacity loss, which can be due to the capacity loss from Li reaction with the polyimide binder and/or a small amount of polysulfide dissolution from the electrode during cycling.
The charge-discharge profiles of bulk Sb 2 S 3 with DB100 binder tested in EC/DEC and FEC/DEC are shown in Supplementary Figure  S2 . The decrease in capacity for both the conversion and alloying reactions (both 1.4 V and 0.8 V plateaus) can be suppressed by the use of FEC. In order to further understand the role of FEC electrolyte, impedance measurements at different cycle number were carried out with 10 mV amplitude between 500 kHz and 5 mHz. The cells were first discharged partially to 1.0 V and held at 1.0 V for 2 hours before impedance measurement. Figure 7 shows the Nyquist plots of the cell with EC/DEC and FEC/DEC after 5 th and 50 th cycles. After 5 cycles, both electrodes with EC/DEC and FEC/DEC showed similar chargetransfer resistance (solid lines in Figure 7) . After 50 cycles, chargetransfer resistance for the cell tested with FEC/DEC remains the same. On the other hand, the cell tested with EC/DEC showed large increase in impedance. Our result indicated that the use of FEC suppresses the increase in surface resistance of the electrode, leading to better cycle stability.
Effect of particle size on electrochemical performance. In the previous section, we observed that bulk Sb 2 S 3 exhibited high capacity and good cycle stability with a suitable binder and electrolyte composition. Still one question remains: does reduction of particle size give additional benefit? To answer this, Sb 2 S 3 wires with a width of about 1 mm were synthesized through a co-precipitation and hydrothermal process for comparison. Figure 1c shows the morphology of the wires. The Sb 2 S 3 wires were made into electrodes with DB100 as the binder and tested with FEC/DEC electrolyte, the same as the one with bulk Sb 2 S 3 . Figure 8a shows the 2 nd cycle voltammograms of the Sb 2 S 3 wires and bulk Sb 2 S 3 . Both electrodes showed similar charge-discharge peaks for alloying and conversion reactions of Sb 2 S 3 . Electrode with Sb 2 S 3 wire showed additional peaks at 1.9 and 2.35 V during charging and 1.7 V during discharging. This may be due to trace amount of elemental S in the material. Other than the additional peaks in electrode with Sb 2 S 3 wire, both electrodes showed similar peak currents, indicating similar charge-discharge capacities. Constant-current tests of the electrodes were carried out and the cycle performance is shown in Figure 8b . Sb 2 S 3 wire showed slightly higher capacity than bulk Sb 2 S 3 at a rate of 250 mA g 21 , but the difference is not significant.
Both electrodes gave good cycle performance because the polyimide binder provides mechanical stability to the electrodes and FEC suppresses surface reaction. The electrodes were also tested up to 2000 mA g 21 (see insert in Figure 8b) . Surprisingly, the same rate performances were observed for both Sb 2 S 3 wire and bulk Sb 2 S 3 . This indicates that no additional benefits were observed by reducing the particle size, and the reduction of particle size is not necessary for obtaining high rate and high capacity in these materials.
The charge-discharge profiles of bulk Sb 2 S 3 tested at different current rates are shown in Figure 8c . At a current rate of 2000 mA g 21 , a charge capacity of 580 mAh g 21 could be obtained. This corresponds to a charge or discharge time of 17 minutes. This is significant because it is the highest rate capability ever reported for bulk 10-20 mm materials. The ability to use bulk materials to get high capacity and high rate makes them one step closer to commercialization.
Discussion
Capacity and cycle performance of electrode materials are highly dependent on electrode configuration and electrolyte composition. Systematic investigations were carried out to analyse the factors affecting cycle performance. In the case of Sb 2 S 3 , volume change and surface reactions were identified as the major factors affecting the electrode stability. Polysulfide dissolution is not a main factor for short-term stability (Figure 3) . The use of polyimide binder allows higher utilization of the Sb 2 S 3 active material and provides good mechanical stability in the electrodes. In fact, some polyimide binders are active with Li and can lead to additional capacity in the electrode. Surface degradation and impedance change is suppressed by the use of FEC in the electrolyte. After judicial choosing the binder and electrolyte, electrodes with bulk Sb 2 S 3 gives a charge capacity of close to 800 mAh g 21 with stable cycle stability. Particle size effect is not found to be crucial once the electrode configuration and electrolyte is optimized. Nano-particles, which are difficult to handle and synthesize in large-scale, are not necessary to provide good electrochemical performances. Even electrodes with bulk Sb 2 S 3 can give up to 580 mAh g 21 at a rate of 2000 mA g
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, which is the highest ever recorded for materials with 10-20 mm size.
Methods
Sample preparation and characterization. Two different types of Sb 2 S 3 samples were evaluated in this study: (1) Bulk crystalline Sb 2 S 3 was obtained from Sigma Aldrich and used as it is (denoted as ''Sb 2 S 3 '' in the paper). (2) Crystalline Sb 2 S 3 wire were made by an aqueous precipitation between SbCl 3 in acetone and sodium thiosulfate (Na 2 S 2 O 3 ) followed by a hydrothermal annealing at 150uC for 4 hours, adopted from procedure of Li et al. 31 . Structure of the materials was studied by powder X-ray diffraction (XRD) with a Cu K_alpha (Bruker). Morphology and particle size of the tested materials were studied by field emission scanning electron microscope (SEM) with a JOEL JSM-7600F. Electrochemical evaluation. The Sb 2 S 3 active material was mixed with acetylene black (Alfa Aesar) and binder in a weight ratio of 65252. 20wt% carbon was added to ensure sufficient electrical conductivity within the electrode. For binder, polyvinylidene fluoride (PVdF from Kynar HSV900), carboxymethyl cellulose sodium salt (CMC from Sigma Alrich) and polyimide binder (DB100 -Dreambond 100 from ISTUSA) were used. The materials were mixed in either 1-methyl-2-pyrrolidone (NMP) for PVdF and DB100 or de-ionized water for CMC to form a slurry. The slurry is then coated on roughened copper foil as a current collector using a doctor blade. The electrode was then dried at 80uC and compressed with a roll press. The electrodes were cut into 16 mm diameter discs and further dried at 110uC in vacuum for 4 hours before transferring into an Ar-filled glove box. An additional annealing step at 300uC for 5 hours in vacuum was performed on electrodes with DB100 to polymerize the binder before testing. Typical electrode thickness is between 20-30 mm with a packing density of about 1.0 g cm 23 . The electrodes were assembled with Li metal as counter electrodes in a 2016 coin cell. 1 M lithium hexafluorophosphate (LiPF 6 ) in ethylene carbonate (EC) to diethyl carbonate (DEC) of 151 is the typical electrolyte used in the cell. Electrolyte with fluoroethylene carbonate 4-fluoro-1,3-dioxolan-2-one (FEC) (1 M LiPF 6 in FEC/DEC 5 151) is also used to study how the stability of the electrodes with cycling can be improved chemically.
The cells were then tested with a battery tester between 0 to 2.5 V vs. Li/Li
1
. Typical charge-discharge rate was 100 mA g 21 during the first five cycles and 250 mA g 21 in subsequent cycles. Cyclic voltammetry profiles were taken at a scan rate of 0.1 mVs 21 between 0.005 V and 3 V vs. Li/Li 1 . Impedance measurements were carried with a potentiostat (Biologic VMP3) between 500 kHz and 5 mHz.
